Dendritic growth velocities in an undercooled melt of pure nickel under static magnetic fields up to 6 T were measured using a high-speed camera. The growth velocities for undercoolings below 120 K are depressed under low magnetic fields, but are recovered progressively under high magnetic fields. This retrograde behavior arises from two competing kinds of magnetohydrodynamics in the melt and becomes indistinguishable for higher undercoolings. The measured data is used for testing of a recent theory of dendritic growth with convection. A reasonable agreement is attained by assuming magnetic field-dependent flow velocities. As is shown, the theory can 2 also account for previous data of dendritic growth kinetics in pure succinonitrile under normal gravity and microgravity conditions. These tests demonstrate the efficiency of the theory which provides a realistic description of dendritic growth kinetics of pure substances with convection.
the dendritic tip is dependent on the growth Peclet number. On the basis of this advancement, they proposed a combined three-dimensional theory for dendritic growth with convection [20] . For convenience, this new theory is termed as the Alexandrov-Galenko theory (AG theory for short). A preliminary test of the AG theory has already been conducted using a two-dimensional formalism [20] . It was shown that the AG theory can provide a satisfactory explanation of the dendritic growth velocities observed in containerlessly undercooled intermetallic compounds in the presence of a convective flow in a bulk volume [20, 21] . However, phase field modeling suggested that the influence of melt convection on a three-dimensional tip is more pronounced than on a two-dimensional tip [17, 22] . Thus, it is of great interest to perform a test of the three-dimensional AG theory using data measured under conditions of controllable melt convection.
In this paper, we report measurements of dendritic growth velocities of pure nickel under static magnetic fields for a test of the three-dimensional AG theory [20] . The utilization of the static magnetic fields allowed us to tune forced convection in an undercooled melt continuously, thus providing much freedom for the test. Then we present a complementary test of the AG theory using literature data of dendritic growth velocities and dendritic tip radii of pure succinonitrile measured under normal gravity and microgravity conditions [13] . Finally, we compare the AG theory with phase field modeling of dendritic growth at high growth Peclet numbers [23] .
Experimental details
The measurements were performed on a single glass-fluxed sample of pure nickel.
The sample had a purity of 99.99% and a mass of about 1 g. A radio-frequency induction furnace was combined with a superconducting magnet to melt and solidify the sample under static magnetic fields up to B = 6 T. The sample was supported by a pan-like ceramic holder containing a small amount of soda lime glass, and was fixed between two opposite windings of a heating coil of the furnace. The vacuum chamber of the furnace was pumped to a vacuum pressure of 5.7´10 -3 Pa and was backfilled with argon of 99.999% purity to a pressure of 5´10 4 Pa. The sample was inductively heated, melted, and overheated under the protection of the argon atmosphere. Then, the heating power to the coil was reduced to about 14 % of the initial power. The sample was cooled and solidified spontaneously. In solidification, crystal nucleation occurred preferentially on the lower surface of the sample, which was in intimate contact with the fluxed glass. A recalescence process followed due to instantaneously released latent heat. Under each of the static magnetic fields ranging between B = 0 T and B = 6 T, the melting-solidification cycle was repeated 20 to 30 times to produce a wide spectrum of undercooling. The surface temperature of the sample was measured using a single-color pyrometer with an accuracy of ± 6 K at a sampling rate of 100
Hz. Meanwhile, the recalescence process was monitored using a high-speed video camera at a frame rate of 87,600 fps. The video images were analyzed using an executable program running in the environment of the commercial software Matlab to determine the speed of an advancing recalescence front. The recalescence front was assumed to travel like a spherical wave starting from the nucleation site and advancing towards the other side of the sample surface at a constant speed. With the aid of the program, the location of the nucleation site on the sample surface was determined first. Then, the traveling distance of the recalescence front away from the nucleation site was determined as a function of time by analyzing the traces of the recalescence front. A linear law was fitted to the distance versus time relationship, and the slope of the linear law was taken as the traveling speed of the recalescence front.
The speed of the recalescence event gave a good approximation of dendritic growth velocities in the undercooled sample due to a thermal diffusion distance shorter than a one-dimensional resolution of 100 mm of each pixel of the video images. The algorithm used in the program was exactly the same as that established by Binder using a free software, POV Ray 3.6, for the same purpose [24] but with an improved efficiency in determining the speed.
Results and discussion

Dendritic growth velocities of pure nickel under forced convection conditions
The measured dendritic growth velocities are plotted in Fig. 1 as a function of undercooling, DT. A power law is observed over a wide range of undercooling for each static magnetic field. The growth kinetics appears to be decelerated abruptly at a critical undercooling of DT crit = 165 K, as evidenced by a negative deviation from the power law 1 . Such observations are in good agreement with the latest measurements on electromagnetically levitated nickel samples of higher purity [10] . However, there are distinct differences in the magnitude of the measured dendritic growth velocities. As displayed in Fig. 1 , the present data for undercoolings below DT crit shows a positive or a negative deviation depending on the static magnetic fields. These deviations are related to forced convection in the undercooled sample as explained below. Another deviation is observed for undercoolings above DT crit . It is negative and independent of the magnetic fields. It is assumed to arise from the higher impurity concentration of the present sample because a reduced deviation was observed by one of the present authors using a purer material [28] .
Forced convection is very common in inductively heated metallic melts and is active in the present sample. Unlike the electromagnetically levitated samples, the present sample was fixed on the sample holder. The forced convection inside it was expected to be weaker than in the electromagnetically levitated samples as suggested 1 A similar deviation of dendritic growth kinetics from a power law was also observed for dilute Ni-B
and Cu-O alloys [25, 26] and can be interpreted by considering local non-equilibrium at a rapidly advancing crystal/liquid interface [27] .
by Mullis et al. [26] . But, as seen in Fig. 1 , the present data measured with no static magnetic fields shows higher growth velocities for undercoolings below 60 K than those measured in the electromagnetically levitated samples. This difference in the growth velocities seems to suggest stronger forced convection in the present sample.
However, it can also be related to the tiny amount of the impurity in the present sample, which can promote dendritic growth at low undercoolings [10] . More studies need to be performed to clarify the reason for it. Here we focus our attention onto the effect of the static magnetic fields. As is shown elsewhere [29] , forced convection in the electromagnetically levitated samples can be damped effectively by imposing a static magnetic field of 0.5 T or above. This damping is expected to be also effective on forced convection in the present sample. In order to prove this assumption, we modeled forced convection in a molten sample with a spherical geometry under a static magnetic field of B = 6 T numerically. As illustrated in 
Testing of the AG theory using the data of pure nickel
Following the above analysis, we can test the AG theory using the present data. The AG theory [20] predicts the tip selection parameter, s 
where the ratio of DH f /C p is the hypercooling limit (i.e., an undercooling for adiabatic solidification) with DH f the heat of fusion and C p the heat capacity. m k is the interfacial kinetic coefficient, and Iv(P g ,P f ) is the flow-modified Ivantsov function defined by
with P f = UR/(2D T ) the flow Peclet number and the hydrodynamic function
The dendritic growth velocities of pure nickel can be calculated using Eqs. [30] . Note that the measured dendritic growth velocities show a scatter with respect to the calculated values under all magnetic fields. This scatter is not due to experimental errors only, which are less than 10 % of the measured dendritic growth velocities. Rather, it arises largely from a variable angle between the flow direction and the growth direction of the dendrites (see Fig. 3 ). In the present measurements, the growth direction of the dendrites relies on nucleation sites, which were not controlled by external trigger as were conducted in previous measurements [10] . Thus, the assumed incoming flow velocities should be viewed as an averaged magnitude of the component of local convective flows in the growth direction of the dendrites. It is implied that the actual flow velocities at the dendritic tips can be higher or lower than the assumed values. Apart from this scatter, the calculated dendritic growth velocities using the AG theory agree in general with the present experimental data. Finally, we note that even though relatively high flow velocities are assumed in our calculations (U is up to 4 m/s as is accepted in Fig. 5 ), the growth Peclet number lies in the range of accepted values by the AG theory [19, 20] as is shown in Fig. 6 .
These values of growth Peclet numbers are fully consistent with those obtained in dendritic growth of pure succinonitrile under microgravity condition for low flow velocities (see Section 3.3 and Fig. 7 ).
Testing of the AG theory using the data of pure succinonitrile
The AG theory predicts that dendritic tip radii are also sensitive to melt convection at low undercoolings. A complete test of the AG theory should include a comparison with the measured dendritic tip radii. Due to the opaqueness of the nickel melt, it was not possible to measure dendritic tip radii in the present experiment. However, we may use literature data of dendritic growth kinetics measured in pure succinonitrile under normal gravity and microgravity conditions [13] to achieve this goal. We assume that the fluid flow in undercooled melts of pure succinonitrile is caused by natural convection only and that the flow at the dendritic tip is not parallel to the growth direction, but at angle of about 66 degrees. Under such assumptions, we calculated dendritic growth velocities and dendritic tip radii of pure succinonitrile under normal gravity and microgravity conditions using the parameters listed in Table   1 . As shown in Fig. 7a , the calculated dendritic growth velocities under normal gravity condition agree well with the experimental data measured under the same condition over the whole undercooling regime. Similarly, the calculated dendritic growth velocities under a 0.1 % gravity condition agree well with the experimental data measured under the microgravity condition. More importantly, the calculated dendritic tip radii under both gravity conditions show a good agreement with the experimental data over a wide undercooling regime (Fig. 7b) . A minor discrepancy is observed for the dendritic tip radii for undercoolings below DT = 0.1 K under the microgravity condition. The calculated dendritic tip radii are slightly larger than the measured dendritic tip radii. This discrepancy, however, can be understood if one accepts an enlarged error of about 20% in consideration of difficulties encountered in optical measurements and a non-ideal growth environment 2 [13] . We also compared the calculated growth Peclet numbers with those determined under different gravity conditions. As shown in Fig. 7c , the calculated growth Peclet numbers agree well with the experimentally determined values in the high undercooling region, but show positive deviations in the low undercooling region. We attribute those deviations again to underestimated errors of the measured dendritic tip radii at low undercoolings.
The experimentally determined growth Peclet numbers represent a product of two 2 The size of the growth chamber in one dimension becomes comparable to the thermal diffusion length of the dendrites growing at high undercoolings.
independently measured quantities, dendritic growth velocities and dendritic tip radii.
In this sense, the AG theory provides a self-consistent description of the dendritic growth kinetics of pure succinonitrile under normal gravity and microgravity conditions.
Comparison of the AG theory with phase field modeling
We now compare the AG theory with phase field modeling of three-dimensional dendritic growth. First, dendritic growth at high growth Peclet numbers is considered. under normal gravity and microgravity conditions [11] [12] [13] , respectively. At this point, the AG theory bridges the discrepancy between the phase field modeling and the experimental observations. For pure nickel, it has a surface tension anisotropy of e 4 = 0.018 [37] . The phase field modeling by Karma and Rappel [23] predicted a tip selection parameter of s * = 0.064 at a dimensionless undercooling of DTC p /DH f = 0.45 (DT = 188 K). However, our calculations using the AG theory predicted a tip selection parameter of s * = 0.00876 at such a high undercooling (subtracting a kinetic undercooling of DT k = 33 K). This value is about a factor of 7 smaller than the value given by the phase field modeling. Such a large discrepancy in the estimation of the selection parameter can be attributed to a pronounced effect of atomistic kinetics. As addressed elsewhere [37, 40, 41] , the effect of atomistic kinetics may play an essential role in dendrite growth at high undercoolings due to a transition from a surface tension anisotropy-controlled growth behavior to the interfacial kinetic anisotropy-controlled growth behavior. Therefore, for high undercoolings, consistency
with analytical and numerical estimations should be made by taking into account both surface tension and atomistic kinetics effects. This will be a goal of future work.
Conclusions
The dendritic growth velocities in the undercooled melt of pure nickel have been and dendritic tip radii of pure succinonitrile measured under normal gravity and microgravity conditions can also be explained using the AG theory. Such capabilities have demonstrated that the AG theory is able to provide a realistic description of dendritic growth of pure substances with convection. In contrast to an agreement on the tip selection parameter in dendritic growth of pure succinonitrile at high growth Peclet numbers, the AG theory predicts a much smaller tip selection parameter for dendritic growth of pure nickel than that predicted by the phase field modeling. This discrepancy has been attributed to a kinetic transition from the surface tension anisotropy-controlled growth to the interfacial kinetic anisotropy-controlled growth.
Efforts will be made to solve this discrepancy. Ref. [13] . It is assumed that flow is caused by natural convection only and has an angle of about 66 degrees with respect to the growing direction of the dendritic tip. 
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